Abstract
This is the final report of a one-year, Laboratory Directed Research and Development (LDRD) project at the Los Alamos National Laboratory (LANL). The project's objective was to investigate microwave enhanced catalysis. Published work by others had demonstrated improved selectivity in microwave-driven catalytic conversion of 2-methylpentane to its isomers. We reproduced their experiment, discoveiing that there is no improvement in selectivity using microwaves. The selectivity at a given conversion was the same for both microwave heated and conventionally heated catalyst beds. Meetings with the authors of the previously published work led to the conjecture that their catalyst was not being prepared properly, leading to anomalously low selectivity for their conventional heating runs. An optical temperature diagnostic suitable for use on a microwave applicator was developed and characterized in this project. This pyrometer can measure the temperature of small scale features on the catalyst bed, and it has a fast response that can follow the rapid heating often encountered in a microwave processing system. The behavior of the microwave applicator system was studied, and theoretical models were developed to yield insight about the stability and control of the system.
Background and Research Objectives
Microwave-diiven catalysis has demonstrated great potential for a number of commercially viable products and processes. A well-publicized example is a DuPont process to make HCN (hydrogen cyanide) in a small (10-to 15-foot square) plant that is located and operated at the user's site. The microwave process allows HCN to be created on demand. This combination greatly reduces transportation and storage hazards. It also reduces costs.
The impact of microwave technology in the chemical industry is growing.
*Principal Investigator, e-mail: string~ield_r~lanl.gov Chemical manufacturing is directly tied to approximately 30% of the US economy, and microwave technology will likely be employed in a significant portion of this industry in the future. This project's research objective was to develop a fundamental understanding of microwave-driven catalysis in a process relevant to industry: the selective oxidation of methane to ethylene. This particular process was chosen after initial discussions with DuPont indicated it was relevant and highly visible. Conventional (non-microwave) technology is limited to less than 25% conversion due to the destruction of the product in the hot gas phase. This limited conversion makes generation of liquid fuels from methane economically unfeasible. Microwave technology, with its unique heating distribution that can keep the gas phase cool, can likely provide better than 25% conversion. This could make liquid fuel generation from methane economically attractive.
reaction was chosen for study: the isomerization of 2-methylpentane. Dow Chemical and DuPont were interested in reviewing some previously published work, which had demonstrated that microwave processing improved selectivity of 2-methylpentane isomerization. Reproducing this work would break in our multi-disciplinary team, verify the operation of our microwave processing equipment and diagnostics, and establish our credibility in the microwave processing community.
This project's program development objective was to raise the visibility of our multidisciplinary programs in the microwave processing community in order to attract further funds-in work from the large chemical corporations. Maintaining a program in microwave processing also facilitates a rapid response to the needs and concerns of US industry. Both DuPont and Dow Chemical have expressed interest in collaborating with Los Alamos on the exploration of microwave processing.
Before pursuing the selective oxidation of methane to ethylene, a benchmark 2. Importance to LANL's Science a n d Technology Base and National R&D Needs This project employs and develops a number of Los Alamos' core technical competencies. The microwave processing experiments require advanced optical temperature diagnostics. These diagnostics must observe temperature variations on a small length scale (e.g., distinguish the temperature of a small platinum catalyst bead from the temperature of the surrounding alumina substrate) and on a fast time scale inside a microwave reactor environment that is hostile to many temperature sensors. Thus, this project employs and develops the Laboratory's complex experimentation and measurements core technical competency.
Design of the experimental apparatus and interpretation of the results requires careful and accurate modeling of a complex system. This modeling includes electromagnetic, heat transport, fluid flow and chemical simulation. Accurate electromagnetic modeling is important because the microwave radiation drives the temperature of the reactor, and small vaiiations in the temperature can lead to significant changes in the chemistry. Thus, this project employs and develops two other Laboratory core technical competencies: theorv. modeling and high performance cornouting and analvsis and assessment.
Microwave processing is a tool for constructing advanced materials and characterizing materials in general. Thus, this project develops and employs the Laboratory's 4 core technical competency. similar to the modeling work performed by the Los Alamos accelerator community (e.g., for the Los Alamos Neutron Science Center and the Accelerator Production of Tritium project). It also employs and develops microwave components, diagnostics and control systems that are similar to those used in accelerator work. Thus, this project employs and develops the Laboratory's nuclear science, plasmas and beams core technical competency. industry, as discussed in the previous section.
This project involves electromagnetic modeling of microwave applicators, which is
This project is relevant to the research and development needs of the US chemical
Scientific Approach and Accomplishnmts
This project investigated a report [ 13 that microwave processing improved the selectivity of isomerization of 2-methylpentane by platinum-alumina catalyst. Our experiments carried 2-methylpentane in hydrogen gas over a platinum-alumina catalyst. The catalyst was heated by one of two means: conventional heating in an electric oven or microwave heating in a microwave applicator. The catalyst temperature was monitored by optical temperature diagnostics and/or thermocouples. Experiments were performed at various catalyst temperatures, heating methods and flow rates. The products were analyzed using a gas chromatograph. Concentrations of hexane isomers (Zmethylpentane, 3methylpentane, n-hexane and methylcyclopentane) and cracking products were measured. Prior to an experimental run, the catalyst was prepared by calcination (with oxygen) and reduction (with hydrogen) at various temperatures. this chemical process. Details of our results can be found in [2] . Comparing selectivity versus conversion, there is no signiiicant difference between microwave heating and Contrary to the published report, our work showed no special microwave effect in conventional heating. Our selectivity measurements agreed with the high selectivity published for the microwave heating case. However, we did not observe low selectivity for the thermal heating case. Following meetings with one of the authors of the published articles (Roussy), this discrepancy was attributed to inadequately controlled preparation of the catalyst before the experimental runs of the published work . In [l] , the conventionally heated catalyst was incompletely calcined, while the microwave heated catalyst was fully calcined. In our work the catalyst was fully calcined for both heating cases. selectivity of 2-methylpentane isomerization. Conventional heating runs with the calcination step performed at reduced temperatures and times were performed. Unfortunately, the project funding was consumed before this work could be completed.
Our experiments employed scanning infrared cameras, optical pyrometers, fiber optic temperature probes and thermocouples. An optical temperature diagnostic was developed and characterized during this project [3] . This diagnostic is capable of measuring the tempemture of a small location (e.g., a small hot spot) on the surface of the catalyst bed. It also can follow rapid changes of the temperature (e.g., due to initiation of microwave irradiation). This diagnostic was characterized and compared with other commercial temperature diagnostics. tube ports that accommodate a smaller diameter reactor tube than our previous applicators. The applicator includes an optical port perpendicular to the reactor tube and waveguide.
The ports incorporate metal microwave cutoff-tubes to prevent microwave leakage. A
We began experiments to verify the effect of incomplete catalyst preparation on the A new microwave applicator wils constructed for this project. It includes reactor technique to medsure the electric Geld in the vicinity of the reactor tube was developed to study and control the microwave coupling and heating. This technique was important for optimizing the microwave power coupling in a more recent microwave chemistry effort (a funds-in agreement with Dow Chemical).
Theoretical investigations of heat transfer in microwave applicators were made in collaboration with Prof. Jim Thomas and one of his students. The effect of radiative heat transfer [4] and fluid convection through a catalyst bed [5] were studied. Prof. Thomas received an NSF grant for 1997. His proposal includes collaboration with Los Alamos in order to experimentally verify his theoretical models of microwave heating of metal oxide catalysts.
The stability of the microwave applicator system was studied near the end of this project, and a conference paper was published on the subject (see publication below). A theoretical model of the system provided insight about the behavior observed in our
